We investigate early black hole (BH) growth through the methodical search for z 5 AGN in the Chandra Deep Field South. We base our search on the Chandra 4-Ms data with flux limits of 9.1 × 10 −18 (soft, 0.5 − 2 keV) and 5.5 × 10 −17 erg s −1 cm −2 (hard, 2 − 8 keV). At z ∼ 5 this corresponds to luminosities as low as ∼ 10 42 (∼ 10 43 ) erg s −1 in the soft (hard) band and should allow us to detect Compton-thin AGN with M BH > 10 7 M and Eddington ratios > 0.1. Our field (0.03 deg 2 ) contains over 600 z ∼ 5 Lyman Break Galaxies. Based on lower redshift relations we would expect ∼ 20 of them to host AGN. After combining the Chandra data with GOOD-S/ACS, CANDELS/WFC3 and Spitzer/IRAC data, the sample consists of 58 high-redshift candidates. We run a photometric redshift code, stack the GOODS/ACS data, apply colour criteria and the Lyman Break Technique and use the X-ray Hardness Ratio. We combine our tests and using additional data find that all sources are most likely at low redshift. We also find five X-ray sources without a counterpart in the optical or infrared which might be spurious detections. We conclude that our field does not contain any convincing z 5 AGN. Explanations for this result include a low BH occupation fraction, a low AGN fraction, short, super-Eddington growth modes, BH growth through BH-BH mergers or in optically faint galaxies. By searching for z 5 AGN we are setting the foundation for constraining early BH growth and seed formation scenarios.
INTRODUCTION

Massive black holes (BHs) with masses >10
6 M reside in most galaxies, including our own (Genzel et al. 1996; Magorrian et al. 1998; Schödel et al. 2003; Ghez et al. 1998 Ghez et al. , 2000 Ghez et al. , 2008 . Luminous quasars with M BH ∼ 10 9 M (Barth et al. 2003 : z = 6.4, Willott et al. 2003 : z = 6.41, Trakhtenbrot et al. 2011 have been detected at z ∼ 5 − 7 (Fan et al. 2000 (Fan et al. , 2001 : z ∼ 6, Mortlock et al. 2011: z = 7.085 ). The BHs powering these quasars must therefore build up their mass in less than one billion years. Depending on the as-E-mail: anna.weigel@phys.ethz.ch sumed seed formation model, almost constant Eddington accretion or even super-Eddington episodes are required to match these observations (Volonteri & Rees 2005; Volonteri & Silk 2014; Alexander & Natarajan 2014 ). In our current understanding, BHs grew out of ∼ 100 − 10 5 M seeds by accreting infalling matter or merging with a second BH (Rees & Volonteri 2007) . Two seed formation models are currently favored. One scenario predicts that the remnants of massive Population III (Pop III) stars constitute BH progenitors (Madau & Rees 2001; Haiman & Loeb 2001; Bromm et al. 2002; Alvarez et al. 2009; Johnson et al. 2012 ). The second model is based upon the direct gravitational collapse of massive gas clouds (Loeb & Rasio Offset between GOODS/ACS and Chandra positions after the correction has been applied. Out of the 740 Chandra X-ray sources 408 possess an optical counterpart.
We determine a mean offset of (0.128 , -0.237 ) for these 408 objects and correct for it by shifting the Chandra positions. The grey triangle indicates the mean displacement before the correction. The green star illustrates the mean offset after our correction. The black points show the corrected object positions. The grey circle illustrates an offset of 0.5 .
1994
; Bromm et al. 2009; Volonteri 2010; Latif et al. 2013 ). Both models include uncertainties and predict markedly different BH growth histories. More exotic scenarios, including BH seed formation via stellar dynamical, rather than gas dynamical processes, have also been suggested ( see Volonteri 2010; Bromm & Yoshida 2011 and references therein). These scenarios primarily focus on reproducing the high-redshift quasar population. We must however also be able to explain the existence of less massive and luminous, but more abundant BHs that we find in galaxies such as the Milky Way Volonteri 2010) . A first step towards constraining seed formation models and determining if they are also valid for such 'normal' BHs, is measuring the BH luminosity function at high redshift. The Chandra 4-Ms catalog (Xue et al. 2011 ) provides X-ray counts for the soft (0.5 keV -2 keV), hard (2 keV -8keV) and full (0.5 keV -8 keV) band for the Chandra Deep Field South (CDF-S). The onaxis flux limits lie at 9.1 × 10 −18 , 5.5 × 10 −17 and 3.2 × 10 −17 erg s −1 cm −2 for the soft, hard and full band, respectively. The CDF-S covers a 0.11 deg 2 area. For our analysis we not only use the Chandra 4-Ms data, but also require coverage by the CANDELS wide and deep surveys. The effective area of our field is hence 0.03 deg 2 1 .
1 README CANDELS GOODS-S Data Release v1.0 Treister et al. (2013) used the Chandra 4-Ms data in their search for high-redshift (z > 6) AGN. Using a sample of preselected z = 6 − 8 Lyman Break dropout and photometrically selected sources from the HUDF and CANDELS, Treister et al. (2013) showed that none of these sources are detected individually in the X-rays. Stacking the X-ray observations does not produce a significant detection either. Treister et al. (2013) suggested different processes that could account for the lack of X-ray counterparts to these high-redshift sources. The sample could be contaminated by a large number of low-redshift interlopers. A low BH occupation fraction could explain the lack of X-ray counterparts. It is possible that BH growth only occurs in dusty and/or small galaxies which were not included in this analysis because they lie below the detection threshold. The Treister et al. results can also be explained if large amounts of gas and dust obscure the X-ray emission of actively accreting BHs, as previously proposed by Treister et al. (2009) and Fiore et al. (2009) . Additionally, it is possible that accretion is not the dominant BH growth mode in the early universe. If BHs are primarily gaining mass by merging with other BHs, X-ray radiation might not probe BH activity. (See Treister et al. 2013 for a more detailed discussion of these possible scenarios.) In addition to the scenarios described above, short, super-Eddington growth episodes, as proposed by Madau et al. (2014) and Volonteri & Silk (2014) , also present a possible solution. In comparison to constant Eddington accretion, the amount of matter that is accreted during these super-Eddington growth phases is the same. However, Madau et al. (2014) showed that, if we allow superEddington accretion, a duty cycle of 20% is enough to grow a non-rotating 100 M seed BH into a 10 9 M object by z ∼ 7. One could imagine that the seed BH grows via five 20 Myr longṁ/ṁ Edd = 4 growth modes, each followed by a 100 Myr phase of quiescence. For short, super-Eddington growth episodes, we would thus expect to find fewer BHs that are actively accreting at the same time. The Treister et al. (2013) sample could therefore not contain any BHs that are actively accreting at the time of observation.
In this work we carefully examine the Chandra 4-Ms catalog for possible z 5 AGN. We combine the deep Chandra observations with optical and infrared data from GOODS, CANDELS and Spitzer. We use the Lyman Break Technique and a photometric redshift code to estimate the redshift of our targets. We also use colour criteria, stacking and the X-ray Hardness Ratio. In contrast to Treister et al. 2013 , we base this analysis on detected X-ray sources instead of trying to determine if a high-redshift object possesses a X-ray counterpart. We therefore also analyse X-ray sources that would not be classified as Lyman Break Galaxies because they are heavily obscured in the optical and the infrared. Flowchart illustrating the analysis steps that we take to determine possible z 5 candidates. The number of objects that pass each step is given in brackets. After executing this analysis for all 740 Chandra sources, three z 5 candidates remain in our sample. Additional K S -band and deep Y -band data does however show that they are most likely low-redshift sources.
We know that the CDF-S contains hundreds of well constrained z 5 Lyman Break Galaxies (see e.g. Stark et al. 2009; Vanzella et al. 2009; Wilkins et al. 2010; Bouwens et al. 2014; Duncan et al. 2014) . These should all pass our manual inspection, stacking, colour criteria and photometric redshift measurement. To be considered as a high-redshift AGN candidate, they must however also be detected in the X-rays and pass our X-ray Hardness Ratio test. Volonteri & Begelman (2010) showed that the expected number density of high-redshift AGN depends on the assumed seed formation model. Both, a detection and a non-detection, of high-redshift AGN gives us a lower limit on this number density. Our search thus constrains possible seed formation scenarios and sheds light on BH growth modes. Vito et al. (2013) searched for z > 3 AGN in the 4-Ms CDF-S. They mainly analysed the evolution of obscuration and AGN space density with redshift. In contrast to this work, Vito et al. (2013) based their analysis on already existing photometric and spectroscopic information on the Chandra sources. We compare our results to Vito et al. (2013) in Section 5.
This paper is organized as follows. Section 2 describes the data that is used in this work. Sections 3 and 4 introduce our redshift tests and illustrate the results of their combination. We conclude with a discussion in Section 5 and a summary in section 6. Throughout this paper we assume a ΛCDM cosmology with h0 = 0.7, Ωm = 0.3 and Ω Λ = 0.7. All magnitudes are given in the AB system (Oke & Gunn 1983) .
DATA
The Chandra 4-Ms source catalog by Xue et al. (2011) is the starting point of this work. It contains 740 sources and provides counts and observed frame fluxes in the soft (0.5 keV -2 keV), hard (2 keV -8 keV) and full (0.5 keV -8 keV) band. All object IDs used in this work refer to the source numbers listed in the Xue et al. (2011) Chandra 4-Ms catalog. We make use of HST/ACS data from the GOODS-south survey in the optical wavelength range. We use catalogs and images for filters F435W (B), F606W (V ), F775W (i) and 850LP (z) from the second GOODS/ACS data release (v2.0) (Giavalisco et al. 2004 ). We use CANDELS WFC3/IR data from the first data release (v1.0) for passbands F105W (Y ), F125W (J) and F160W (H) (Grogin et al. 2011; Koekemoer et al. 2011 ). To determine which objects are red, dusty, low-redshift interlopers, we also include the 3.6 micron and 4.5 micron Spitzer IRAC channels. We use SIMPLE image data from the first data release (DR1, van Dokkum et al. 2005 ) and the first version of the extended SIMPLE catalog by Damen et al. (2011) .
When comparing Chandra, GOODS/ACS and CANDELS object positions, a clear offset in the Chandra coordinates is apparent. We illustrate this inconsistency in Figure 1 dra and the GOODS/ACS catalog. We determine a mean offset of RA Chandra − RA ACS = 0.128 and DEC Chandra − DEC ACS = −0.237 . We adjust the GOODS/ACS and CANDELS positions of each object by subtracting the mean displacement from the originally given catalog position.
ANALYSIS
In the following section we describe in detail the set of criteria we employed to the data in order to identify z 5 candidates. We first exclude objects with insufficient filter coverage, perform our own aperture photometry and determine the dropout band of each source by manual inspection. We run a photometric redshift code, stack the GOODS/ACS data and apply colour criteria. In addition, we use the X-ray data as a photometric redshift indicator. We combine all redshift tests in section 4. Figure 2 illustrates and summarizes the complete analysis that is detailed in the following subsections. Dahlen et al. (2010) , McLure et al. (2011) and Duncan et al. (2014) showed that when selecting highredshift objects, a selection based only on colour criteria is not as reliable as calculating photometric redshifts. Especially for faint, low signal-to-noise objects, errors and upper limits can lead to scattering out of Magnitude m AB (SExtractor)
Aperture radius: 0.6" Aperture radius: 0.5" Aperture radius: 0.75" Aperture radius: 1" Figure 4 . Comparison between our own photometry and the flux values reported in the GOODS catalog (Giavalisco et al. 2004) . We show the AB magnitude values for the zband. Note that the GOODS/ACS catalog only contains flux values for an aperture with a 0.707 and not a 0.75 radius. Nonetheless, we compare these values to the brightness we measured within a 0.75 radius aperture. We use a small 0.3 radius aperture for two objects only. Since these two sources are not detected in the GOODS/ACS catalog, they are not part of this comparison.
the colour selection region. Similar to colour criteria, photometric redshifts strongly depend on the position of the Lyman Break. A photometric redshift code does however consider all filter information, including upper limits and errors. Furthermore, low-redshift interlopers can be identified by including the filters redward of the Lyman Break. Dahlen et al. (2010) illustrated the discrepancy between colour criteria and photometric redshifts for the GOODS-S field. Only 50% of their photometrically selected z ∼ 4 sources were also classified as B-dropouts according to colour criteria. We therefore primarily use a photometric redshift code. The colour criteria, our visual classification, the stacking of the GOODS/ACS data and the X-ray Hardness Ratio provide additional redshift indications.
Initial Sample Selection
Our initial sample consists of the 740 objects given in the Chandra 4-Ms source catalog. Figure 3 shows that not all Chandra targets are covered by the GOOD-S/ACS and CANDELS images. However, adjacent filter coverage is necessary for the application of the Lyman Break Technique. We therefore narrow the number of possible candidates down to 374 by removing sources that are not covered by B, V , i, z, J and H. The Y -band area is small compared to the other filters. We therefore also include sources that are not covered by the Y -band provided that they are covered by all other GOODS/ACS and CANDELS filters. The optical and infrared counterpart detection is primarily based upon the H-band image since this is the deepest band. The H-band images for objects 105 and 521 show significant artifacts, we therefore discard them. Source 366 is eliminated due to the object's position being at the edge of the GOODS/ACS images. Hence, 371 possible candidates remain after this first visual preselection.
Aperture Photometry
We perform our own aperture photometry on the GOODS/ACS and CANDELS images to gain flux values and to estimate parameters such as detection threshold and aperture size. We compare our results to the GOODS/ACS catalog ( Figure 4 ).
To perform aperture photometry we use SourceExtractor (SExtractor, Bertin & Arnouts 1996; Bertin et al. 2002; Holwerda 2005) . We determine the counterpart position in the H band in a first SExtractor run. We then run SExtractor on the remaining optical and infrared images to establish if the counterpart is present at the same location. The flux measurements are carried out within circular apertures with radii between 0.3 and 1 . We alter the aperture size for faint sources and to prevent contamination through nearby objects. For sources with a signal-to-noise ratio < 1 we use the 1σ sensitivity limit of the corresponding filter as an upper limit. The SExtractor parameter values and aperture sizes are summarized in Table 1 and Table 2. For the 3.6 micron and 4.5 micron bands we rely on the flux values reported in the SIMPLE catalog (Damen et al. 2011) . We make use of the flux values reported for a 1.5 radius aperture. We show flux and error values for our main sample in Tables 5  and 6 .
Lyman Break Technique and visual classification
The Lyman Break Technique (Steidel et al. 1999; Giavalisco 2002; Dunlop 2013 ) employs the pronounced feature of the Lyman continuum discontinuity in the spectral energy distribution (SED) of young, star forming galaxies. We use the common terminology of referring to Lyman Break Galaxies as 'dropouts'. If a source is not detected in the B-band or any bluer passbands, but is visible in all redder filters, this indicates z ∼ 4 and we refer to it as a 'B-dropout'. V -dropouts, i-dropouts and z-dropouts correspond to redshifts of ∼ 5, ∼ 6 and ∼ 7 respectively. We classify the 371 possible candidates by eye according to their dropout band. If an object is clearly visible in all bands, this indicates z < 4. We exclude such sources from our sample. Figure 5 illustrates the conditions sources have to fulfill to be included in the further analysis.
Eight sources are not classified according to their dropout band. These objects are shown in Figures 6. Figure 7 shows the hard and soft band counts for all eight sources in comparison to the entire sample. The hard, soft and full band counts are given in Table 1 . Five (190, 280, 333, 384, 643 ) of these eight objects are especially interesting since they do not have a counterpart in the optical or the infrared. We refer to these sources as 'low significance objects'. We show these five objects in the upper panel of Figure 6 . For three (104, 156, 276) of these eight objects it is unclear which source represents the counterpart in the optical and infrared since multiple objects are visible in the GOODS/ACS and CANDELS bands. These objects are shown in the lower panel of Figure 6 .
Only three of the eight objects (333, 156, 276) are detected in the full, the hard and the soft band. 104 and 280 are detected in the soft band only. 384 and 643 are found in the soft and in the full band. 190 is detected in the full band only. Only one of the low significance objects (333) and one of the three sources with multiple counterparts in the optical and infrared (156) show a signal-to-noise ratio 5 in at least one of the bands. Out of the 371 objects with enough filter coverage and intact images 140 (37.7%) have a signalto-noise ratio 5 in the soft, hard or full band. See Table 3 for the number of sources with signal-to-noise ratios 1 and 5 in the individual bands.
The objects for which we do not detect a counterpart in the optical and the infrared could be spurious detections. On the one hand, Xue et al. (2011) report that, for the entire catalog, the probability of a source not being real is < 0.004. The entire catalog does therefore contain up to three spurious sources per band. We do however only consider sources that are also covered by GOODS and CANDELS. The CAN-DELS wide and deep survey fields are 0.03 deg 2 in size and hence only make up ∼ 27% of the CDF-S (0.11 deg 2 ) area. According to this, we would expect to find ∼ 0.8 spurious detections per band. So, we can not rule out the fact that we may have found one or more false detections. On the other hand, we find many sources of comparable X-ray brightness that do possess an optical and/or infrared counterpart and that are detected in both bands ( Figure 7) . 333, 384 and 643 are also close to a bright galaxy which might be why the counterpart remains undetected. This could indicate that at least some of the sources are real.
The Lyman Break Technique is not applicable to the low significance objects and we are unable to measure a photometric redshift without a detection in the optical and the infrared. Since 333 is detected in the hard and the soft band, it is the only object for which we can apply our Hardness Ratio test (see Section 3.7). With HR = −0.01 333 could be a potential highredshift AGN candidate. A negative Hardness Ratio alone does however not convince us of 333 indeed being at high-redshift. At this point we can thus not determine if our sources are real high-redshift AGN candidates, false detections or low-redshift objects that are optically faint. Hopefully, the forthcoming 7-Ms observations of the CDF-S (PI: William Brandt, Proposal ID: 15900132) will shed more light on our five low significance objects. We eliminate all eight sources from our sample. We stress that these targets could still be high-redshift AGN.
After discarding targets that are clearly visible in all bands and eliminating the eight objects that could not be classified according to the Lyman Break Technique, 58 B, V , i, z and Y -dropouts remain in our main sample. For sources that we visually classify as B-dropouts the signal-to-noise in the V -band might be too low for a detection by SExtractor. By eliminating visually classified B-dropouts we could hence be missing objects that might be classified as z ∼ 5 sources by other redshift tests. We therefore keep B-dropouts in our sample. '. 333, 384 and 643 are close to a bright galaxy which is why we might not be able to detect the counterpart in the optical and infrared. Deeper observations would be needed to detect possible counterparts. Bottom: Sources with multiple possible counterparts. Out of these eight objects only 156, 276 and 333 are simultaneously detected in the hard and in the soft band. We are unable to gain redshift estimates for these eight objects and are thus unable to determine if they are low or high-redshift sources or if they might be spurious detections. The black circles are centered on the original Chandra position and illustrate the positional uncertainty given in the Xue et al. (2011) catalog. All images were colour inverted and are 10 x 10 in size.
Photometric Redshift measurements
Even though the Lyman Break Technique provides a fast and easy way of identifying possible candidates, it is not without caveats. Dust in red, low-redshift galaxies can produce a sharp break in the SED that might be mistaken for the Lyman Break (Dunlop et al. 2007; McLure et al. 2010; Finkelstein et al. 2012) . Applying the Lyman Break Technique therefore only produces a sample that may still contain low-redshift interlopers. Yet, even the results of a photometric redshift code have to be treated carefully. While sources with a low photometric redshift are most likely indeed nearby objects, high photometric redshift results are less reliable. This is mainly due to template incompleteness and large photometric errors for faint high-redshift sources.
The photometric redshifts we determine for our objects prove to be highly dependent on the filters used as input. We use the photometric redshift code EAZY (Brammer et al. 2008) . We apply the default template set by Brammer et al. (2008) Table 1 . Hard, soft and full band counts for sources that can not be classified according to their dropout band. We refer to the top 5 sources as 'low significance objects'. For objects that are not detected we give an upper limit on the counts. We set σ to -1.00 and mark the signal-to-noise ratio with a dash. All values were directly extracted from the Chandra 4-Ms catalog (Xue et al. 2011) . Counts in the hard and in the soft band for the Chandra 4-Ms sources. We highlight the eight objects that could not be classified according to the Lyman Break Technique. These eight sources might be real sources or spurious detections. The black points illustrate the 58 objects that are left in our sample. The grey points show the positions of the additional 502 Chandra 4-Ms objects that are also classified as AGN. They were excluded because of insufficient filter coverage or quality or because they are clear low-redshift dropouts. Xue et al. (2011) categorize all of these eight objects and all 58 sample sources as AGN.
EAZY templates were created by using the Blanton & Roweis (2007) algorithm to reduce the template set by Grazian et al. (2006) . The sixth template describes a young starburst with a dust screen following the Calzetti law with Av = 2.75 (Calzetti et al. 2000 ages for 30 of our 58 objects. We show the H band and Spitzer stamps for these sources in the appendix. We do not perform aperture photometry on the Spitzer images, but simply extract the 1.5 aperture radius flux values from the Spitzer catalog by Damen et al. (2011) . If a source is not detected in a passband, we use the 1σ sensitivity limit of this filter as an upper limit in the EAZY run. For the GOODS/ACS bands B, V , i and z we determine the sensitivity limits by measuring the mean background flux. We measure the number of background counts for six of our objects. For each source, we determine the flux within apertures of varying size at five different positions. For the CANDELS bands Y , J and H we rely on the sensitivity limits reported in Grogin et al. (2011) . Table 2 shows the flux limits that we used in our analysis.
Including the Spitzer data turns out to be crucial for our purposes. As an example we show the photometric redshift code results we get for source 244 in Figure 8 . By running EAZY without the Spitzer flux values we gain z phot = 6.54. Assuming that this photometric redshift value is correct, we determine an absolute magnitude of MH = −24.63 for the H-band. Bouwens et al. (2014) however give M * UV = −21.2 for z ∼ 6 Lyman Break Galaxies. 244 would therefore be very bright if it indeed was at z ∼ 6. Including the 3.6 and 4.5 micron Spitzer flux values in the photometric redshift code analysis results in z phot = 1.9. Including the Spitzer infrared data hence proves to be crucial in revealing low-redshift interlopers. . If we only use the GOODS/ACS and CANDELS filters as input for EAZY, the photometric redshift code will classify 402 as a z ∼ 6.54 source. Even though the flux values are fit well by this SED, the shape of the SED seems unphysical for a z ∼ 6.54 source. We would expect the continuum flux to be lower and bluer. A comparison to the z ∼ 7 UV luminosity function by Bouwens et al. (2014) shows that 244 would indeed be bright if it was at z ∼ 6.54 (M H = −24.6). The χ 2 distribution on the right shows multiple secondary low redshift solutions. SED shape and χ 2 distribution thus suggest that 244 might be a low-redshift object. In the bottom panel we illustrate the best fit SED determined by including the Spitzer 3.6 and 4.5 micron IRAC channels. 244 is now exposed as a low-redshift source. Based upon z ∼ 1.9 we reject 244 as a possible high-redshift candidate. The shown limits correspond to the 1σ sensitivity limits.
Stacking GOODS/ACS data
We combine the GOODS/ACS images of each object into stacks. We generated three stacks per source: (1) combines B and V , (2) B, V and i and (3) B, V , i, z. We examine these deeper stacks for detections by running SExtractor on them. We use a detection threshold of 1.5 σ (DETECT_TRESH = 1.5) and a minimum detection area of 15 pixels above the threshold (DETECT_MINAREA = 15). The remaining SExtractor parameter values are left at their default values. A detection in the first stack indicates a source that drops out before or in the B-band and therefore implies z 4. Sources that are detected in (1), (2) and (3) are hence of no interest to us. We assume z ∼ 5 if an object is detected in (2) and (3), but not in (1).
Only being detected in (3) indicates z ∼ 6. Finally, no detection in any stack signals z 7. Using this approach we find 35 z 4, 5 z ∼ 5, 3 z ∼ 6 and 13 z 7 sources. The stacking analysis proves to be inconclusive for two objects (303, 651). Source 303 is detected in (1) and (3), but not in (2). 651 is only found in stack (2).
Colour criteria
We obtain an additional redshift indication by applying colour criteria based upon population synthesis models (Guhathakurta et al. 1990; Steidel & Hamilton 1992) . These colour criteria do not only depend on the position of the Lyman Break, but also use the overall SED shape. The criteria we apply here are based on Vanzella et al. (2009) who used 114 Lyman Break Galaxies from the GOODS field. The sample consisted of 51 z ∼ 4, 31 z ∼ 5 and 32 z ∼ 6 Lyman Break Galaxies. These objects were first chosen by applying the Lyman Break Technique and then followed up spectroscopically.
Objects that fulfill the following condition are classified as z ∼ 4 sources:
Here ∧ and ∨ represent the logical 'and' and 'or' operators respectively. z ∼ 5 objects need to satisfy the constraints given here:
For z ∼ 6 galaxies these conditions apply:
To classify the 58 possible candidates according to colour criteria, we use the magnitude values from our aperture photometry (see 3.2). If a source is not detected, we use the 1σ sensitivity limit as an upper limit. 49 of the 58 sources do not fulfill any colour criteria. Note that a source that simultaneously possesses upper limits in the B and V or V and z band is not included in the z ∼ 4 diagram since its position cannot be determined. The same applies for the z ∼ 5 and z ∼ 6 diagrams. Furthermore, we only use colour criteria to determine z ∼ 4, z ∼ 5 and z ∼ 6 dropouts. The 49 objects that can not be classified are hence not all necessarily at z < 4. Figure  1 shows the colour-colour diagrams that illustrate these criteria. Based on colour criteria we find 2 z ∼ 4 (373, 444), 2 z ∼ 5 (303, 321) and 5 z ∼ 6 (226, 244, 296, 522, 589) objects.
X-rays as a photometric redshift indicator
The Hardness Ratio (HR), sometimes denoted as Xray colour, represents an additional indicator for highredshift AGN. The Hardness Ratio is defined as:
Here H and S represent the observed frame hard (2 -10 keV) and soft (0.5 -2 keV) band counts respectively. To zeroth-order, an AGN X-ray spectrum follows a powerlaw with an obscuration dependent turnover at lower energies. In the Compton-thin regime a higher column density N H means that, relative to the hard band, we will detect fewer counts in the soft band. In a galaxy's restframe the X-ray spectrum hence appears harder for higher obscuration. With increasing redshift the spectrum gets shifted to lower energies and the number of counts that we observe in the hard and in the soft band changes accordingly. We can therefore use the Hardness Ratio as an additional redshift indicator.
A soft X-ray spectrum is then expected for Compton-thin (N H < 10 24 cm −2 ) objects. For sources in which 10 24 N H H 10 25 cm −2 , i.e. transmissiondominated Compton-thick AGN, the direct emission is still visible, although the E < 10 keV radiation is completely obscured by photoelectric absorption, while the detected emission at higher energies is reduced by Compton scattering (Comastri et al. 2010; Murphy & Yaqoob 2009 ). Hence, in these cases we expect to observe a hard X-ray spectrum even for sources at z > 5. When N H > 10 25 cm −2 , i.e. for reflection-dominated Compton-thick AGN, we only observe the small fraction of the initial emission which is reflected off the accretion disk or the obscuring material (Ajello 2009; Brightman & Nandra 2012) . We can hence not make the same assumptions as for Compton-thin sources. Nevertheless, it is safe to assume that all z 5 sources that can be detected individually in the X-rays are Compton-thin objects. Compton-thick z 5 AGN would simply be too faint to be detected individually and are therefore not part of our sample.
To quantify the HR(z) relation we use the X-ray spectral fitting tool Xspec to simulate X-ray spectra at different redshifts (Arnaud 1996) . We use a Number of objects 273, 302 211, 258, 392, 462 221, 348, 371 184, 242, 306, 389, 589 121, 328, 331, 373, 403, 428, 455 150, 244, 402, 430, 444, 466, 546, 591 189, 226, 301, 321, 624 303, 318, 574 and 10 23.5 cm −2 (blue, yellow and green, respectively) at z = 0.1, 3 and 6 (dot dashed, solid and dashed line, respectively). It is evident that the number of counts in the soft and hard band changes with redshift. After including the Chandra Redistribution Matrix (RMF) and Auxiliary Response Files (ARF) for on-axis sources, we measure the spectral counts in the hard and in the soft band and determine the HR. The right panel of Figure 9 shows our results. According to our simulations HR > 0 signifies z < 4.34 for sources with N H up to 10 23.5 cm −2 . Allowing for a small amount of transmission, e.g. 1% by using a zpcfabs*zpow model does not change our results significantly (HR = 0 for z = 4.3). In our analysis we hence discard objects with HR > 0. Figure 10 , which illustrates our results, shows that based solely on the HR, ten of our 58 candidates might be at z > 4.34. For 496 and 583 the HR can not be used to constrain z since they are only detected in the full band. Table 4 summarizes the X-ray counts, signal-to-noise ratios and Hardness Ratios for each of our main sample sources.
Our results are in good agreement with a similar analysis by Wang et al. (2004) . They also used Xspec (Arnaud 1996) . AGN X-ray spectrum simulation. Shown on the lef t is our model that we generated by running Xspec (Arnaud 1996) . We assume a power law with a slope of 1.8 and a turnover due to photoelectric absorption (Xspec zphabs*zpow model). This left plot illustrates the model SED for moderately high column densities (line colours) at several redshifts (line types). With increasing redshift the spectrum gets shifted to lower energies and the number of counts in the hard and in the soft band changes. Right: measured Hardness Ratio HR as a function of redshift (HR =
H−S H+S
, H and S representing the counts in the hard and in the soft band respectively). Based on our model, a HR > 0 indicates z < 4.34 for column densities up to N H = 10 23.5 cm −2 . In our analysis we thus dismiss objects with an HR > 0 as obscured AGN at low redshift. 
COMBINING ALL REDSHIFT TESTS
We now combine our stacking, colour criteria and photometric redshift code results. We exclude objects with z phot < 5, z stacking < 5 and z colour < 5. Without the Hardness Ratio constraint six z > 5 objects remain ( Figure 11 ). Neither stacking, colour criteria nor our visual classification contradict z > 5 for these six sources (226, 371, 456, 578, 583, 430) . For 371, 456, 578, 583 and 430 the 1σ error bars on z phot are asymmetric and reach below z ∼ 5. The χ 2 distributions (Figure 11 ) also do not show clear global minima. For 430 and 578 the χ 2 distributions are flat and allow for a wide range of lower redshift solutions. The z phot solution for 456 is at the upper end of our allowed z phot range (z phot = 0 to 11). 371 shows additional minima at z phot ∼ 1. For 226 we determine an absolute magnitude of MH = −25.6 assuming a photometric redshift of 5.43. 226 would therefore be extremely bright if it indeed was at z ∼ 5 (see section 3.4). There is thus only little evidence supporting the fact that these objects might be at high redshift. Only 226, 456 and 583 show global minima and are thus our most promising candidates.
Our three final candidates
We now also take the Hardness Ratio information into account and exclude three of the six remaining sources based on a positive HR value. After combining all of our redshift tests we are hence left with three final high-redshift candidates (456, 578, 583, Figure 12 ). 456 and 583 have a negative Hardness Ratio whereas ID visual classification colour criteria Stacking Hardness Ratio photo-z Table 4 and Table 4 for a detailed overview of the results and the X-ray counts of each individual source. (456, 578, 583) . The left panel does not show sources 496 and 578. These two objects are only detected in the full band and can therefore not be constrained by the Hardness Ratio. While we find a low z phot for 496, 578 has z phot = 6.77 and is therefore one of our final high z candidates. We show 1σ error bars. For the X-ray counts and signal-to-noise ratios of each individual source see (χ 2 ∼ 0). 456, 578 and 583 could not be classified according to our colour criteria. Nonetheless, our visual classification (z dropouts) and our stacking analysis (z stacking ∼ 7 for all) indicate that these sources might be z > 5 AGN.
Expected number densities
We note that 456, 578 and 583 seem bright for z ∼ 7 and z ∼ 10 sources. We use UV restframe galaxy luminosity functions by Bouwens et al. (2014) to quantify this statement. To justify our comparison to the galaxy, and not quasar luminosity function, we calculate αox for our candidates. αox, the X-ray to optical-UV ratio, is defined as αox = log L 2500Å /L 2keV /2.605 (e.g. Tananbaum et al. 1979; Wilkes et al. 1994; Vignali et al. 2003; Steffen et al. 2006) . Lusso et al. (2010) analyse a sample of 545 X-ray selected Type 1 AGN from the XMM-COSMOS survey and find a mean αox value of ∼ 1.37 and a weak redshift dependence out to z ∼ 4. We use the H-band and soft band flux values to calculate αox for 456, 578 and 583. We find αox = 0.11, 0.35 and −0.02 for 456, 578 and 583, respectively. Assuming that αox has no strong redshift dependence for z > 4, this indicates that 456, 578 and 583 are not high-redshift quasars and justifies our comparison to the results by Bouwens et al. (2014) .
We estimate the number of sources similar to 456, 578 and 583 that we expect to find in our field. Since we only analyse objects for which GOODS/ACS and CANDELS data is available, we are only considering the area of the CANDELS deep and wide surveys (0.03 deg 2 ) and not the entire CDF-S (0.11 deg 2 ). Based on the surface density of z ∼ 7 and z ∼ 10 galaxies by Bouwens et al. (2014) , we expect to find 0.14 ± 0.14 sources as bright as 456 at z ∼ 10, 3.72 ± 0.80 objects similar to 578 and less than 0.15 z ∼ 10 objects as bright as 583. We hence expect high-redshift sources as bright as 456, 578 and 583 to be rare.
Deeper Y-band imaging for 583
583, one of our three final candidates, has a high photometric redshift (z phot = 9.36) and shows a clear global minimum in the χ 2 distribution. In terms of the χ 2 distribution it is thus our most promising candidate. Fortunately, 583 is part of the Hubble Ultra Deep Field (HUDF) (Beckwith et al. 2006) . We are especially interested in deeper Y -band imaging since 583's high photometric redshift hinges on the upper limit in this band. We show our results in Figure 14 . The top panels illustrate, that the upper limit in the Y -band, for which we used the official sensitivity limit given by Grogin et al. (2011) , is very low and thus forces a strong break in 583's SED. We hence combine all available HST/WFC3 HUDF Y -band images (Koekemoer et al. 2013, HST Program ID 12498, PI: R. Ellis; Illingworth et al. 2013 , HST Program ID 11563, PI: G. Illingworth, HST Program ID 12099, PI: A. Riess) using the HST DrizzlePac package. We measure the flux of 583 using simple aperture photometry and a 0.3 radius aperture (middle panels) and rerun EAZY. We use the ∆χ 2 method under the assumption of one free parameter (z phot ) to compute the 1, 2 and 3σ error bars. We still determine a high photometric redshift of z phot = 7.41, a low redshift solution at z phot ∼ 2 is however allowed within 1σ. 583 is hence unlikely to be at high redshift.
HUGS KS-band data
To gain more reliable photometric redshift values for all three of our final candidates, we now also take VLT/Hawk-I KS-band data into account. We take the KS-band flux values for 456, 578 and 583 from the Hawk-I UDS and GOODS Survey (HUGS) catalog (v1.1) (Fontana et al. 2014 ) and rerun EAZY. Our results are illustrated in Figures 13 and 14 . The photometric redshift value for 456 remains at 10.91
(χ 2 ∼ 0). However, the z phot value seems highly dependent on the J-band upper limit. We thus redetermine the J-band sensitivity limit by measuring the background flux within 35 apertures which are scattered across the CANDELS field. We determine a flux limit close to the value reported by Grogin et al. (2011) (measured: 2.62 × 10 −2 µJy, reported: 1.97 × 10 −2 µJy for a 0.5 radius aperture). We rerun EAZY and find a value almost identical to the previous result (z phot = 10.91 −1.14 −7.11 , χ 2 = 0.01). 456 thus remains a source with a high photometric redshift. The 2σ error bar, computed through the ∆χ 2 method, does however allow for a low-redshift solution at z ∼ 4. For 578 the KS-band causes the photometric redshift to increase from 6.77 to 7.49 Szokoly et al. (2004) for the galaxy next to 583 ( 53.1833, -27.7764 ). We thus suspect, that 583 might be part of a large clumpy galaxy at low redshift . With the X-ray emission being offset from what could be the main galaxy, this does remain a very interesting object.
In summary, the HUGS KS-band and HUDF Yband data causes the photometric redshifts of our three final candidates to either drop to low-redshift or to allow for a low-redshift solution within a 2σ error bar. Considering these photometric redshift code results and how rare objects as bright as our candidates should be at high-redshift, we conclude that 456, 578 and 583 are unlikely to be at high redshift. They do however remain compelling candidates for follow-up observations. 456 remains a very interesting candidate since the 1σ z phot error bar does not allow for lower Figure 13. Photometric redshift code results for objects 456 and 578 before (top panels) and after including the HUGS K S -band (bottom panels). After combining all of our redshift tests, we are left with three final candidates (for 583 see Figure 14 ). For these we include the Hawk-I UDS and GOODS Survey (HUGS) (Fontana et al. 2014 ) K S -band values when determining the photometric redshift. We show the best fit template SEDs (lef t), the χ 2 distributions (middle) and the corresponding images (right), before and after including the K S -band. For 456 we redetermine the J-band upper limit. Our result is close to the value reported by Grogin et al. (2011) and does not change the z phot result significantly. For both, 456 and 578, a low redshift solution is allowed within the 2σ error. These two final candidates are hence likely to be at low redshift. We use the ∆χ 2 method under the assumption of one free parameter (z phot ) to compute the 1, 2 and 3σ error bars that are shown in the middle panels. All images are colour inverted and are 5 × 5 in size.
redshift solutions. 578 could still be at high redshift and 583 is intriguing since the X-ray emission seems to be offset from the main galaxy.
DISCUSSION
Sensitivity and AGN number density
In this section we show that our analysis should have been sensitive enough to detect an active BH in a typical high-redshift Lyman Break Galaxy and why we expected to find at least some high z AGN. Furthermore, we determine an upper limit on the AGN number density. . After combining all of our redshift tests, we are left with three final candidates (for 456 and 578 see Figure 13 ). Fortunately, 583 is covered by the HUDF. We thus perform aperture photometry on the deep HST/WFC3 HUDF Y -band and replace the CANDELS Y -band value with this flux (middle panels). We also include the Hawk-I UDS and GOODS Survey (HUGS) (Fontana et al. 2014 ) K S -band value when determining the photometric redshift (bottom row). With the HUDF Y -band and the HUGS K S -band 583's photometric redshift value drops to 2.68. It is hence most likely a low-redshift source. We show the best fit template SEDs (lef t), the χ 2 distributions (middle) and the corresponding images (right). We use the ∆χ 2 method under the assumption of one free parameter (z phot ) to compute the shown 1, 2 and 3σ error bars. All images are colour inverted and are 5 × 5 in size.
In a first step we determine the BH masses and accretion rates we are sensitive to by calculating the expected X-ray flux as a function of BH mass, Eddington ratio and redshift. We calculate the X-ray luminosity and translate it to observed flux. We use Eddington ratios between 0.01 and 1. and a redshift range from z = 4 to z = 10. For simplicity we assume a constant bolometric correction of kcorr = 25 (L bol = kcorrL X , Vasudevan & Fabian 2009) and N H = 10 22 cm −2 . Figure 15 illustrates our results. We also show the Chandra 4-Ms flux limits which lie at 9.1 × 10 −18 erg s −1 cm −2 for the soft band and at 5.5×10 −17 erg s −1 cm −2 for the hard band (Xue et al. 2011) . At z ∼ 5 we are sensitive to luminosities as low as ∼ 10 42 erg s −1 in the soft band and ∼ 10 43 erg s
in the hard band.
In the GOODS field, the typical stellar mass of a Lyman Break Galaxy at z ∼ 5 is 2.82 × 10 10 M (Lee et al. 2012 ). If we use the local BH-stellar mass relation (M ,total / M BH = 562, Jahnke et al. 2009 ) to determine the corresponding BH mass, we find M BH = 5 × 10 7 M . Figure 15 shows that, assuming low obscuration and Eddington ratios > 0.1, we should have been capable of detecting such AGN at z > 5.
To estimate the number of high z AGN in the CDF-S we use the results by Bouwens et al. (2014) . They find 680 z ∼ 5, 252 z ∼ 6 and 113 z ∼ 7 Lyman Break Galaxies in the CANDELS/Deep and CAN-DELS/Wide surveys for the GOODS-S field. Nandra et al. (2002) report an AGN fraction of 3% for z ∼ 3 Lyman Break Galaxies in the Hubble Deep Field North. Assuming that this fraction does not evolve with redshift, we would expect the volume we looked at to contain ∼ 20 AGN at z ∼ 5, ∼ 8 at z ∼ 6 and ∼ 3 at z ∼ 7. Since we are sensitive enough to detect Compton-thin AGN in typical Lyman Break Galaxies, we would have expected to find at least some convincing high-redshift sources. Even if all of our three final . Expected X-ray flux as a function of BH mass, Eddington ratio and redshift. We assume spherical accretion, N H = 10 22 cm −2 and a bolometric correction of kcorr = 25 to calculate the expected X-ray flux for BH masses ranging from 10 6 M to 10 9 M , Eddington ratios between 0.01 and 1. and redshifts between z = 4 to z = 10. The dashed lines show the Chandra 4-Ms flux limits in the soft, full and hard bands. The BH mass in a typical Lyman Break Galaxy at z ∼ 5 is ∼ 10 7 M . This figure illustrates that we are sensitive enough to detect such sources if we assume low obscuration and an Eddington ratio > 0.1.
candidates (456, 578, 583) would prove to be at highredshift, the number of high-redshift AGN in our field would still be lower than expected.
We use the estimated number of high redshift AGN to determine an upper limit on the AGN number density. The combined CANDELS/Wide and CAN-DELS/Deep survey covers an area of 0.03 deg 2 . At z ∼ 5 the faint X-ray selected AGN number density is hence fewer than 655 AGN per deg 2 . At z ∼ 6 and z ∼ 7 we would expect to find fewer than 262 and 98 AGN per deg 2 , respectively. Here, we assumed the z ∼ 3 Lyman Break Galaxy AGN fraction by Nandra et al. (2002) . This AGN fraction could however be especially low for high redshift Lyman Break Galaxies or generally evolve with redshift. We discuss this in more detail in Section 5.4.
Comparison to existing work
We compare our results to Vito et al. (2013) . They found three z > 5 AGN (139, 197, 485) in the CDF-S. Source 139 has a photometric redshift of z phot = 5.73 based on Luo et al. (2010) . Since 139 is not covered by B, Y , J and H it was not part of our analysis. Object 197 has z phot = 6.07 with a secondary solution at z phot = 4.39 (Luo et al. 2010 −0.34 ). The remaining 24 low-redshift AGN were not part of our sample because they were not covered by enough bands (B, V , i, z, J, H), because they were clearly visible in all bands and therefore discarded as z < 5 sources or because their images were disturbed by artefacts. Except for source 485 and the four low-redshift AGN (150, 403, 556, 651) our findings do hence agree with the results by Vito et al. (2013) . Treister et al. (2013) searched for X-ray emission of z = 6 − 8 Lyman Break dropout and photometrically selected sources. None of the ∼ 600 z ∼ 6, ∼ 150 z ∼ 7 or ∼ 80 z ∼ 8 sources could be detected individually in the X-rays. Stacking the X-ray data in redshift bins did not generate a significant detection either. In the stacks the 3σ upper limits on the X-ray emission lay at ∼ 10 41 erg s −1 (soft) and ∼ 10 42 erg s −1 (hard) for the z ∼ 6 and z ∼ 7 bins. Assuming a bolometric correction of kcorr = 25 (Vasudevan & Fabian 2009) and an Eddington ratio of 0.1, these upper limits correspond to ∼ 10 5 M (soft) and ∼ 10 6 M (hard) in terms of BH mass. In comparison to our work, Treister et al. (2013) based their search on a sample of optically selected sources, whereas we selected our objects in the X-rays. Nonetheless, the results are in agreement.
z 5 AGN in the CDF-S
In this work we searched for possible z > 5 AGN candidates in the CDF-S. In contrast to Treister et al. (2013) we started out with a sample of confirmed Xray sources. We used visual classification, colour criteria, stacking, a photometric redshift code and the Hardness Ratio to obtain multiple redshift indications. After dismissing sources for which our redshift tests indicated z < 5, three final candidates with z phot ∼ 7 (578), z phot ∼ 9 (583) and z phot ∼ 10 (456) remained in our sample. Our comparison to the galaxy luminosity function showed that z ∼ 7, z ∼ 9 and z ∼ 10 objects as bright as 578, 583 and 456 are rare. By including the Hawk-I UDS and GOODS Survey (HUGS) KS-band (Fontana et al. 2014 ) and the HUDF Y -band data, the photometric redshifts for our three final candidates either dropped to low-redshift (583) or allowed for a low-redshift solution within 2σ error bars (578, 583). Our three final candidates did hence not pass this extended redshift test. We conclude that considering our photometric redshift code results and the rarity of such high-redshift objects, 456, 578 and 583 are most likely low-redshift sources. We also found five low significance objects. These sources are detected in the X-rays, but they do not seem to possess a counterpart in the optical or infrared (including the Spitzer/IRAC 3.6 and 4.5 micron channels and the VLT/Hawk-I KSband). The currently available data does not allow us to constrain their redshifts or determine if these objects are spurious detections.
Based upon currently available GOODS/ACS, CANDELS and Spitzer data, the analysis did therefore yield three final z > 5 candidates and five low significance objects for this deep, but narrow field. Including HUGS and HUDF data did however show, that 456, 578 and 583 are likely to be at low redshift. Follow-up observations are necessary to gain more reliable redshifts for our three final candidates and to constrain the nature of our five low significance objects.
Possible explanations
Both, the approach by Treister et al. (2013) and our approach, assumed that X-ray emission is a valid tracer for BH growth. If at high redshift BHs primarily grow through BH mergers instead of accretion, electromagnetic radiation might not be emitted during the growth process. X-ray emission might hence not be a indicator for active BHs.
At high redshift the number of actively accreting BHs could also be generally low. This could be caused by a low BH occupation fraction, a low AGN fraction or BH growth through short, super-Eddington episodes. We stress the difference between the BH occupation fraction and the AGN fraction since they describe different scenarios.
If the BH occupation fraction is low only very few haloes are seeded with BHs. Our sample could therefore be too small to not only contain a BH, but to contain a BH that is also actively accreting.
Even if the BH occupation fraction is high, the AGN fraction could still be low. So, even if there are plenty of BHs in our field, only few of them could be active. For instance, BHs at high redshift could only grow in optically faint galaxies. In our analysis these faint galaxies could correspond to the low significance objects that do not seem to possess an optical or infrared counterpart (190, 280, 333, 384, 643 , see Section 3.3). The currently available data does not allow us to investigate these sources further. We are however hopeful that the forthcoming 7-Ms survey for the CDF-S (PI: William Brandt, Proposal ID: 15900132) will show if these objects are real.
BHs could also grow through short, superEddington accretion phases (Madau et al. 2014; Volonteri & Silk 2014) . Madau et al. (2014) illustrated that a duty cycle of 20% is enough to grow a 100 M non-rotating seed BH into a ∼ 10 9 M BH by z ∼ 7. This could, for instance, be realized through five 20 Myr long growth episodes withṁ/ṁ Edd = 4, each followed by a 100 Myr phase of quiescence. The Treister et al. (2013) and our sample, could thus not contain any BHs that are actively accreting at the time of observation.
Simulations suggest that the BH occupation fraction should be high enough for our field to contain high-redshift BHs. Menou et al. (2001) ran Monte Carlo simulations of the merger history of dark matter haloes. They showed that to reproduce the local BH distribution, > 3% of the M halo 10 8 M haloes should be seeded with BHs at z ∼ 5. Bellovary et al. (2011) ran SPH+N -body simulations in which only the local gas properties, such as density, temperature and metallicity, influence the BH formation and evolution. They showed that the BH occupation fraction is halo mass dependent. At z ∼ 5 they found a BH occupation fraction of ∼ 50% for 10 8 M < M halo < 10 9 M haloes and a fraction of 100% for M halo > 10 9 M haloes. Alexander & Natarajan (2014) presented a sophisticated model in which a BH seed is being fed by dense cold gas flows while it is embedded in a nuclear star cluster. This can lead to supra-exponential accretion and could explain how a light (∼ 10 M ) Pop III remnant BH seed could grow into a 10 4 M seed within ∼ 10 7 years. Nevertheless, these 10 4 M seeds still need to grow into the massive 10 9 M sources that we find at z > 6. This most likely happens via Eddington limited accretion. The distribution of high-redshift quasars that we observe at z > 6 can be reproduced if the supra-exponential accretion and the subsequent Eddington-limited growth work efficiently in at least 1 − 5% of the dark matter haloes. Stark et al. (2009 ), Vanzella et al. (2009 ), Wilkins et al. (2010 , Bouwens et al. (2014) , Duncan et al. (2014) and many more have shown that the GOODSsouth field contains hundreds of z 5 Lyman Break Galaxies. These high-redshift sources should have passed our manual inspection, the colour criteria, the stacking and the photometric redshift measurement. So, according to the simulations and the number of high-redshift Lyman Break Galaxies in our field, we would expect our sample to include high-redshift BHs. The number of actively accreting BHs could however still be low. For instance, it would be possible that only the most massive haloes host AGN.
Finding one or more high-redshift AGN would have opened up the window to the early BH growth era. Treister et al. (2011) showed that the massive and luminous quasars we observe at z > 6 are most likely not representative of the entire high-redshift BH population. Such quasars are rare and presumably only constitute the high mass end of the entire BH population (Volonteri 2010) . At z ∼ 6 we expect to find only ∼ 2 in a 1000 deg 2 field (Fan et al. 2001 (Fan et al. , 2000 . Furthermore, these objects only allow us limited insight into seed formation scenarios. For typical seed masses 10 6 M , these objects have to undergo multiple Salpeter times (Salpeter 1964) to reach M BH ∼ 10 9 M . By the time we observe them as quasars, all initial seed information will be lost. We are hence especially interested in the population of more abundant, less massive, less luminous AGN that will end up in galaxies similar to the Milky Way. If our analysis had yielded a convincing high-redshift AGN candidate, we would have been able to put first constraints on this more representative and revealing BH population.
To constrain the explanations for our results and to gain further insights into BH formation and growth at high redshift, this analysis needs to be repeated for a larger sample. Especially constraining the BH occupation fraction and the short, super-Eddington growth scenario requires a larger field. The new field does not need to be deeper, but wider than the 0.11 deg 2 CDF-S (Luo et al. 2008) . The 2.8-Ms Chandra COSMOS Legacy Survey, for which the data will be available soon, covers a 2.2 deg 2 area (Civano & the Chandra COSMOS Legacy Team 2014). Not being as deep as the 4-Ms Chandra data, the Chandra COSMOS Legacy Survey will probe a slightly different parameter space (see Treister et al. 2011 for an illustration of the high-redshift number density that is necessary for an individual detection). Nonetheless, it will provide data for a much wider field and will thus enable us to repeat this analysis for a larger sample. ATHENA, which is meant to be launched in 2028, will allow us to constrain the BH occupation fraction to new accuracy. With its X-ray Wide Field Imager, ATHENA is meant to detect over 400 z = 6 − 8 and over 30 z > 8 X-ray selected active BHs (Nandra et al. 2013; Aird et al. 2013) . JWST data could help to investigate the nature of our five low significance objects.
SUMMARY
We searched for z 5 AGN in the Chandra Deep Field South (CDF-S). We used the Chandra 4-Ms catalog and combined it with GOODS/ACS, CANDEL-S/WFC3 and Spitzer/IRAC data. Our main sample contained 58 sources. We ran a photometric redshift code, stacked the GOODS/ACS data, applied colour criteria and the Lyman Break Technique. Furthermore, we used the X-ray Hardness Ratio as a redshift indicator. After combining all redshift tests, three final z 5 AGN candidates remained. Redetermining their photometric redshifts with additional VLT/Hawk-I HUGS KS-band and HST/WFC3 HUDF Y -band data showed, that they are most likely low-redshift sources. We also found five sources that are detected in the X-rays, but that do not seem to possess a counterpart in the optical or infrared (low significance objects). The currently available data did not allow us to determine if these objects are possible high-redshift AGN candidates, spurious detections or optically faint lowredshift sources. Assuming that our three final candidates are indeed low-redshift sources and that our five low significance objects are either spurious detections or also at low redshift, we concluded that the CDF-S does not contain any high-redshift AGN. We also showed that we should have been able to detect active BHs in typical z ∼ 5 Lyman Break Galaxies and why we would have expected to find at least some high z AGN. Our results could be explained by:
• a low BH occupation fraction or a low AGN fraction.
If at high redshift only very few haloes contain a BH or only very few BHs are actively accreting, our sample could be too small to contain an AGN.
• BH growth via short, super-Eddington growth modes. If BHs primarily grow through short accretion episodes, the number of actively accreting BHs in our sample might be zero.
• BH growth in optically faint galaxies. Our five low significance objects could indicate that high-redshift AGN primarily grow in galaxies that we do not detect in the optical. We were however unable to constrain their redshifts and noted that these could be spurious detections.
• BH growth via BH-BH mergers. If at high z BHs primarily grow through mergers instead of accretion, X-rays might not trace BH growth. Table 4 . Overview over the redshift estimates that we gained for each object in the course of this analysis. All photometric redshifts were gained by using GOODS/ACS, CANDELS and in some cases also Spitzer data (marked with an asterisk). For our three final candidates (456, 578, 583) we also computed photometric redshifts using HUDF and HUGS data. Please see sections 4.3 and 4.4 for the corresponding values. Note that the stacking procedure only gives a redshift indication. Hence, if '4' is given as the stacking result this corresponds to z 4, '7' indicates z 7. We mark sources for which we only gained upper or lower limits on the Hardness Ratio with 'u' and 'l'. '0' indicates that a source could not be classified by the corresponding redshift test. Table 1 . SExtractor parameter values. We adjusted the aperture size (PHOT_APERTURES) and the minimum number of pixels above the threshold for a detection (DETECT_MINAREA) for each source individually. Table 2 summarizes these values for each of our main sample sources. Note that the values given for PHOT_APERTURES corresponds to the aperture diameter, not radius. 
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Number of objects with sufficient filter coverage and intact images: 371 Out of these 371 sources, number of objects with a signal-to-noise ratio 1: Table 4 . Hardness Ratio values, X-ray counts, errors on the X-ray counts and signal-to-noise ratio values for the main sample. The Hardness Ratio values were calculated using equation 4. Upper and lower limits on the Hardness Ratio are indicated with 'u' and 'l', respectively. Objects for which the Hardness Ratio could not be determined due to an upper limit in both the Hard and the Soft band, are marked with '0.00'. The X-ray count values were directly extracted from the Xue et al. (2011) catalog. For the errors on the X-ray counts we give the upper errors given in the 4-Ms catalog. For objects that are not detected we give an upper limit on the X-ray counts, set σ to -1.00 and mark the signal-to-noise ratio with a dash.
z 5 AGN in the CDF-S 29 3.312 × 10 −02 1.056 × 10 −02 1.411 × 10 −01 1.296 × 10 −02 2.574 × 10 −01 2.087 × 10 −02 2.370 × 10 −01 2.486 × 10 −02 * 574 0.000 × 10 +00 8.188 × 10 −02 0.000 × 10 +00 7.347 × 10 −02 0.000 × 10 +00 1.458 × 10 −01 4.035 × 10 −02 1.533 × 10 −02 578 0.000 × 10 +00 1.456 × 10 −01 0.000 × 10 +00 1.306 × 10 −01 0.000 × 10 +00 2.592 × 10 −01 0.000 × 10 +00 4.669 × 10 −01 583 0.000 × 10 +00 1.310 × 10 −02 0.000 × 10 +00 1.176 × 10 −02 0.000 × 10 +00 2.333 × 10 −02 0.000 × 10 +00 4.202 × 10 −02 589 0.000 × 10 +00 8. 1.181 × 10 +00 2.124 × 10 −02 1.529 × 10 +00 3.052 × 10 −02 * 651 0.000 × 10 +00 6.560 × 10 −02 2.284 × 10 −01 1.311 × 10 −01 4.536 × 10 −01 2.005 × 10 −01 2.134 × 10 +00 2.122 × 10 −02 2.797 × 10 +00 3.177 × 10 −02 Table 6 . Flux densities for our 58 sample sources, part 2/2. All values are given in µJy. For sources that are marked with an asterisk we included the Spitzer 3.6 and 4.5 µm flux values in our photometric redshift analysis. The values given for the 3.6 and 4.5 micron channels correspond to the 1.5 aperture radius flux values given in the Damen et al. (2011) Spitzer catalog. For the remaining sources the Spitzer values could not be included due to source confusion. We performed our own aperture photometry for the GOODS/ACS (B, V , i, z) and CANDELS (Y , J, H) filters. If an object is not detected in an image (flux < detection threshold) we set Fν = 0 and Ferrν to the sensitivity limit of the corresponding filter. If an object's position is not covered by the Y band or we are not using the Spitzer IRAC data we mark this with a dash. Table 7 . Magnitude values for our 58 sample sources, part 1/2. All values are given in AB magnitudes. For sources that are marked with an asterisk we included the Spitzer 3.6 and 4.5 µm flux values in our photometric redshift analysis. The values given for the 3.6 and 4.5 micron channels correspond to the 1.5 aperture radius flux values given in the Damen et al. (2011) Spitzer catalog. For the remaining sources the Spitzer values could not be included due to source confusion. We performed our own aperture photometry for the GOODS/ACS (B, V , i, z) and CANDELS (Y , J, H) filters. If an object is not detected in an image (flux < detection threshold) we set m AB = 0 and merr AB to the sensitivity limit of the corresponding filter. If an object's position is not covered by the Y band or we are not using the Spitzer IRAC data we mark this with a dash. Table 8 . Magnitude values for our 58 sample sources, part 2/2. All values are given in AB magnitudes. For sources that are marked with an asterisk we included the Spitzer 3.6 and 4.5 µm flux values in our photometric redshift analysis. The values given for the 3.6 and 4.5 micron channels correspond to the 1.5 aperture radius flux values given in the Damen et al. (2011) Spitzer catalog. For the remaining sources the Spitzer values could not be included due to source confusion. We performed our own aperture photometry for the GOODS/ACS (B, V , i, z) and CANDELS (Y , J, H) filters. If an object is not detected in an image (flux < detection threshold) we set m AB = 0 and merr AB to the sensitivity limit of the corresponding filter. If an object's position is not covered by the Y band or we are not using the Spitzer IRAC data we mark this with a dash. c 2013 RAS, MNRAS 000, 1-??
